Genetic recombination pathways and genes are well studied, but relatively little is known in plants, especially in lower plants. To study the recombination apparatus of a lower land plant, a recombination gene well characterized particularly in yeast, mouse, and man, the RAD51 gene, was isolated from the moss Physcomitrella patens and characterized. Two highly homologous RAD51 genes were found to be present. Duplicated RAD51 genes have been found thus far exclusively in eukaryotes with duplicated genomes. Therefore the presence of two highly homologous genes suggests a recent genome duplication event in the ancestry of Physcomitrella. Comparison of the protein sequences to Rad51 proteins from other organisms showed that both RAD51 genes originated within the group of plant Rad51 proteins. However, the two proteins form a separate clade in a phylogenetic tree of plant Rad51 proteins. In contrast to RAD51 genes from other multicellular eukaryotes, the Physcomitrella genes are not interrupted by introns. Because introns are a common feature of Physcomitrella genes, the lack of introns in the RAD51 genes is unusual and may indicate the presence of an unusual recombination apparatus in this organism. The presence of duplicated intronless RAD51 genes is unique among eukaryotes. Studies of further members of this lineage are needed to determine whether this feature may be typical of lower plants.
H
omologous recombination is essential for chromosomal segregation and participates in DNA replication and repair. The molecular mechanisms of homologous recombination have been studied intensively, mostly in bacteria and yeast. Homology recognition and exchange of homologous DNA strands have a central role in homologous recombination (reviewed in ref. 1) . The paradigm of strand exchange proteins, the Escherichia coli RecA protein, is well conserved from bacteria to man, and several structural and functional homologues have been found in eukaryotes (reviewed in ref. 2) . The best characterized homologues are the Rad51 and Dmc1 proteins. Although Rad51 seems to be involved in mitotic as well as meiotic recombination, Dmc1 is expressed exclusively in meiosis. The presence of multiple functionally distinct proteins in eukaryotes is likely because of an ancient gene duplication followed by functional divergence early in eukaryotic species evolution (3) . In addition to the original RAD51 and DMC1 genes, a series of other genes encoding proteins with low homology to Rad51 have been detected in yeast and other eukaryotes including man and other mammals (reviewed in refs. 2 and 4). The proteins of this group show similarities with Rad51, the most striking of which is that all of them contain Rad51͞RecA signatures; however, the low degree of homology [20-30% similarity (4) ] to Rad51 distinguishes them from the original Rad51 protein. The group of corresponding genes contains genes that were annotated misleadingly as RAD51, e.g., RAD51B, RAD51C, and RAD51D and genes such as RAD55, RAD57, XRCC2, and XRCC3. These genes do not seem to be functionally redundant with RAD51, because the loss of RAD51 function is lethal in the mouse (5, 6) . Although the function of these proteins is poorly understood, it is likely that all of them fulfill particular and specific functions in homologous recombination or DNA-damage repair (7) . The fact that loss of Rad51 function in yeast results in a relatively mild phenotype but is lethal in higher eukaryotes suggests that the mammalian gene has acquired additional functions and may be involved in a link to cell cycle control and apoptosis (reviewed in ref. 2) . Most eukaryotic RAD51 genes and other genes with homology to RAD51 are interrupted by introns, even those from filamentous fungi such as Neurospora crassa (8) , or Penicillium paxilli (EMBL͞GenBank͞DDBJ databases, accession number AB040404) and the ciliate Tetrahymena thermophila (9) . Only some unicellular organisms possess intronless RAD51 genes, and these genes are unique in the genome. These organisms belong to lower eukaryotes such as the yeast Saccharomyces cerevisiae (10) and the yeast Schizosaccharomyces pombe (11) or to a group of ancient eukaryotes that do not have intron-split coding regions (12) such as the unicellular eukaryotic parasite Trypanosoma brucei (13) . However, the DMC1 genes of both yeasts do contain introns (14, 15) . The role of introns in RAD51, DMC1, and other genes of the RAD51 family is poorly understood. Rad51 and other proteins of this family seem to cooperate, and thus introns may help to increase the diversity of interacting, functional RAD51 proteins by differential splicing of intron-split genes.
In contrast to fungi and animals, there is very little information about RAD51 genes in plants. RAD51 gene sequences are available only from the two dicotyledonous plants Arabidopsis thaliana (16) and tomato (3) and from the monocot maize (17) . No RAD51 gene from a lower plant has been described thus far. Bryophytes such as the leafy moss Physcomitrella patens differ from higher, vascular plants such as Arabidopsis in various aspects (18) . Most conspicuously, the body plan and development of bryophytes are much simpler. In addition, the gametophyte is the dominant phase in the Physcomitrella life cycle. Recently, Physcomitrella has received considerable attention as a new model organism (18, 19) because of the high efficiency of targeted gene replacement that is unique in the plant kingdom (reviewed in ref. 20) . To gain insight into the homologous recombination apparatus of this organism, Physcomitrella RAD51 genes were identified and analyzed, and their gene structure was determined. The Physcomitrella RAD51 genes show an organization highly unusual for a multicellular higher eukaryote. In contrast to the RAD51 genes found in other higher eukaryotes, the Physcomitrella genome contains two highly related genes, neither of which is interrupted by introns. Both Data deposition: The sequences reported in this paper have been deposited in the EMBL database (genomic sequence accession nos. AJ344152 and AJ344153 and cDNA sequence accession nos. AJ316537 and AJ316538).
genes are fully functional as shown by cDNA cloning and expression analysis. Thus Physcomitrella RAD51 gene organization is unique, and it is the only eukaryotic organism with two intronless RAD51 genes. These facts suggest that the recombination apparatus of Physcomitrella differs from that of other higher eukaryotic organisms.
Materials and Methods
Isolation of Physcomitrella RAD51 Genes. Genomic DNA prepared from 7-day-old protonema of P. patens (Gransden wild-type strain) as described (21) was used to amplify a 120-bp fragment by PCR with degenerate primers as described (11) . The DNA sequence obtained from this PCR product after subcloning was used to design a specific primer (RADL2, GAA TTC AGG ACG GGT AAG AGC CAG A). This primer and a degenerate primer designed from rad51 gene alignments (RADR1, CAN CCT GGT TNG TGA TNA CCA CTG C) amplified a 400-bp fragment from Physcomitrella genomic DNA by using the Roche Expand long-template PCR system (initial denaturation 2 min at 94°C, denaturation 10 sec at 94°C, annealing 30 sec at 56°C, and synthesis 4 min at 68°C for 30 cycles with a time extension of 15 sec followed by a delay of 10 min). The 400-bp product was cloned, and the sequence was verified to encode part of the Rad51 coding region.
To isolate complete genomic clones, a Physcomitrella genomic library (kindly provided by Stavros Bashiardes, University of Leeds, Leeds, U.K.) was screened by PCR for the presence of phages carrying the 400-bp fragment with primers RADRAL (CGA CCT GGT TTG TGA TTA CCA CTG C) and RADBE (TCT GCC ATC TTC TGG CAA CCC CGA A) by using the conditions described above. Sublibraries of 10,000 plaqueforming units were generated from the original genomic library and those diluted 5-fold into sub-sublibraries and screened until a pure clone was obtained. The full-length insert of this clone was amplified by using primers flanking the cloning sites, and the insert was sequenced by shotgun sequencing to yield the DNA sequence of the genomic region of Pprad51A. This sequence was not identical to that of the 400-bp fragment in the overlapping region. This result suggested the existence of a close homologue.
To isolate this homologue, inverse PCR was performed. MunI-digested Physcomitrella genomic DNA was religated and used as a template in a PCR (initial denaturation 94°C, 2 min; denaturation 92°C, 10 sec; annealing 55°C, 30 sec; and extension 68°C 12 min for 30 cycles) reaction with primers specific for the 400-bp fragment (400 pm-A, CAT GTG ACG CAG AGA GTA TGA C, and 400 pm-F, CGT CAA TTC CAC CTT GCC AAG C). The 4,000-bp PCR fragment generated this way was sequenced by shotgun sequencing and yielded Pprad51B.
The coding regions of both RAD51 genes were amplified from the respective genomic clones by PCR and subcloned into pCR2.1 (Invitrogen) according to the manufacturer's instructions. Plasmid pJA-3 containing the Rad51A coding region was obtained with primers ppa-ATG (CAT ATG GCC ACT GTT AGT GCA G) and ppa-END (GTC GAC TTC GTG TTG AAC GCA TGT C) and plasmid pJB-2 containing the RAD51B gene-coding regions was obtained with primers ppb-ATG (CAT ATG GCC ACT GCC AGT GC) and ppb-END (GTC GAC ACG GCG AAA TTC GCT ACC). These plasmids were sequence-verified.
cDNA clones were isolated from a Physcomitrella cDNA library (kindly provided by S. Bashiardes and A. Cuming, University of Leeds, Leeds, U.K.). The library was made from RNA isolated from 7-day-old protonema tissue grown under 7 days of continuous white light on Physcomitiella standard tissue culture medium (21) medium with ammonium nitrate as the nitrogen source, treated with 10 Ϫ4 M abscisic acid for 14 h, and constructed in Lambda ZapII vector (Stratagene). The library was screened with radioactively labeled probes obtained from the Rad51A and Rad51B coding regions of pJA-3 and pJB-2. Plaques giving a positive signal were purified further for five rounds of library screening by using standard protocols. Phagemids were converted into plasmids according to the manufacturer's instructions. Plasmids were sequenced from the 5Ј and 3Ј ends, and the complete inserts of two plasmids that contained the longest cDNA inserts were sequenced fully.
DNA Analysis. Sequence data were analyzed by using the GCG software package (Genetics Computer Group, Madison, WI), the BLAST program (22) , and vector NTISUITE (Informax, Bethesda, MD).
DNA and RNA Hybridization Analysis. For Southern blots, genomic DNA was isolated from P. patens, digested with restriction enzymes, separated on agarose gels, blotted to Nylon membranes, and hybridized with radioactively labeled probes made from the Rad51A and Rad51B coding regions of pJA-3 and pJB-2 as described (21) . The membranes were washed twice at low stringency [2ϫ SSC (1ϫ SSC ϭ 0.15 M sodium chloride͞ 0.015 M sodium citrate, pH 7)͞0.1% SDS at 50°C for 20 min] and then exposed to Kodak Biomax MS film with intensifying screens for 3-4 days.
For Northern blots, 9 g of poly(A) ϩ RNA was separated on agarose gels, blotted to Nylon membranes, and hybridized with radioactively labeled probes obtained from fragments containing the entire RAD51A and RAD51B cDNAs as described (23) . The membranes were washed twice under high stringency conditions (0.1ϫ SSC͞0.1% SDS at 65°C for 30 min) and then exposed to Kodak Biomax MS film with intensifying screens for 3-4 days.
Results
Isolation and Genetic Organization of Physcomitrella RAD51 Genes. A PCR-based strategy involving several steps (see Materials and Methods) was used to isolate fragments of Physcomitrella genomic DNA that contained RAD51 genes. Surprisingly, two different genomic fragments were obtained that encoded a RAD51 gene. The nucleotide sequence of the two fragments was determined in both strands. Both genomic sequences contained a continuous ORF of 1,029 bp encoding a protein of 342 amino acids. Comparison of the predicted amino acid sequences with the SwissProt and SPTREMBL databases identified both proteins as Rad51 homologues. Both sequences showed highest homology with Rad51 proteins from other organisms, followed by other proteins such as Dmc1 and RecA with weaker homology to RecA-like proteins. Because the proteins were highly homologous but not identical, they were named P. patens Rad51A (PpRad51A) and Rad51B (PpRad51B). To obtain information about the corresponding mRNAs, a Physcomitrella cDNA library was screened with the cloned coding regions. Two sets of cDNA clones were obtained, with one corresponding to the PpRAD51A gene and the other to the PpRAD51B gene. The DNA sequences of longest cDNA clones covered the entire coding regions and were identical to the corresponding genomic DNA sequence over their entire length. Because the amino acid sequences deduced from the genomic sequences matched with Rad51 proteins from other organisms over their full length, and the cDNA sequences were completely identical to the corresponding genomic sequences in their full length, both Physcomitrella RAD51 genes are not interrupted by introns. The deduced gene structures including the location of the coding regions and transcripts are summarized in Fig. 1 . The complete sequences of the genomic and cDNA clones are available in the EMBL database under accession numbers AJ344152 and AJ344153, for the genomic sequences, and AJ316537 and AJ316538, for the cDNA sequences.
To verify the presence of PpRAD51A and PpRAD51B in the Physcomitrella genome and to search for more RAD51 genes that might be present in the Physcomitrella genome, Southern blotting experiments were performed (Fig. 2) . The hybridization pattern observed with both genes was as expected from the genomic DNA sequence and confirmed the presence of both genes. The PpR AD51A-specific probe cross-hybridized weakly with PpRAD51B gene-specific fragments under low-stringency hybridization conditions, and vice versa. Therefore the hybridization conditions allowed detection of DNA sequences in a range of homology comparable to the similarities of the PpRAD51A and PpRAD51B genes. No further additional fragments were detected even after prolonged overexposure of the film. This result indicated that the RAD51A and RAD51B genes are unique in the Physcomitrella genome, and no additional RAD51 genes exist.
Gene Structure and Expression. Both PpRAD51A and PpRAD51B were expressed in vegetative, actively growing protonema tissue (Fig. 3) although at very low level. A single A-gene transcript of 1,550 nucleotides was detected in Northern blots. Two transcripts, one with a size of 1,900 nucleotides and the other with a size of 1,600 nucleotides, were found with the PpRAD51B gene. Both PpRAD51B transcripts were less abundant in protonema tissue than the PpRAD51A transcript. The size of the PpRAD51A gene and the larger PpRAD51B gene transcript corresponded to the length of the cDNA clones, and therefore these clones were close to representing the full-length transcripts predicted from the Northern blot. The transcript lengths predicted from the cDNAs were 1,569 bp for PpRAD51A and 1,931 bp for PpRAD51B. Both contained an ORF of 1,029 bp. Well conserved polyadenylation signals were found in the 3Ј untranslated region 18 and 27 bp upstream of the poly(A) tail in the PpRAD51A and PpRAD51B transcripts, respectively. Several less well conserved polyadenylation signal sequences were present between the canonical sequence and the end of the coding region in PpRAD51B. The use of one of these cryptic polyadenylation signals is likely to give rise to the second, shorter transcript observed in the Northern blot with the PpRAD51B gene. Both RAD51 genes appeared to have 5Ј untranslated regions of normal size (139 bp for PpRAD51A and 212 bp for PpRAD51B), but the 3Ј untranslated regions were unusually long (419 bp for PpRAD51A and 690 bp for PpRAD51B). CpG islands indicative of promoters were found in the genomic sequences of both genes upstream of the transcript starts.
The PpRAD51A and PpRAD51B gene nucleotide sequences are 86% identical in the coding region, confirming the remarkable conservation of the two genes. Sequence homology drops to 46 and 58%, respectively, in the 5Ј and 3Ј untranslated regions and to less than 46% in the 5Ј nontranslated region not represented in the cDNA (data not shown). This pattern was reminiscent of the maize and Xenopus RAD51 genes. Both organisms have two highly homologous RAD51 genes. The DNA sequence of the two Xenopus genes is 93% identical in the coding region, and differences in nucleotide sequences were found mostly in the 5Ј and 3Ј untranslated regions (24) . Based on the DNA sequence 2 . Southern blot analysis of Physcomitrella RAD51 genes. Genomic DNA from P. patens was digested with the restriction endonucleases as indicted and blotted. The membrane was hybridized under low-stringency conditions with RAD51A and RAD51B gene-specific probes, respectively. The figure shows an overexposed film. The approximate sizes of fragments as deduced from a stained DNA size marker ( DNA digested with PstI) are given. Fig. 3 . Northern blot analysis of Physcomitrella RAD51 genes. Poly(A) ϩ -selected RNA was prepared from actively growing 7-day-old protonema tissue. The RNA (9 g per lane) was separated by gel electrophoresis and blotted to a membrane, and the membrane was hybridized under high-stringency conditions with RAD51A (A) and RAD51B (B) gene-specific probes. The approximate sizes of the transcripts as deduced from a stained RNA size marker (0.24 -9.5-kb RNA ladder, Life Technologies, Karlsruhe, Germany) are given.
of the two maize genes (17) , these are 84% identical in the coding region and 46 and 47%, respectively, in the 5Ј and 3Ј untranslated regions.
The Physcomitrella Rad51 Proteins and Their Relationship to Other
Rad51 Proteins. The ORFs of the Pprad51A and Pprad51B DNA genes encode a protein of 342 amino acids that corresponds to a molecular mass of 36.9 kDa for the A gene and 36.8 kDa for the B gene. The size of both proteins was as expected for a Rad51 protein, and both contained the characteristic nucleotide binding domains (Fig. 4) , which are conserved between all RecA-like proteins (25) . Comparison with other Rad51 proteins confirmed that the Physcomitrella proteins also showed a typical two-domain structure; domain I consisted of 69 amino acids and is rich in positively charged residues, whereas domain II consisted of 269 amino acids that are rich in negatively charged residues. A RecA signature was present between residues 270 and 303.
The PpRad51A and PpRad51B proteins (Fig. 4) are 94% identical in amino acid sequence and therefore are highly related. This situation was very similar to that in maize (17) and Xenopus (24) , both of which possess two RAD51 genes encoding highly homologous proteins (90 and 98% identity, respectively). To investigate the relationships of the Physcomitrella proteins to Rad51 proteins from other organisms, both proteins were aligned to protein or deduced protein sequences of Rad51 proteins from organisms annotated in the SwissProt and SPTREMBL databases. The results are shown in the form of a phylogenetic tree (Fig. 5) . The tree based on the relatedness of Rad51 protein sequences reflected well the relatedness of the respective organisms. The main clades were formed by the vertebrate, fungal, and plant genes, whereas some kinetoplastida, ciliate, and invertebrate genes formed separate branches. The vertebrate genes, the most intensively studied group, separated clearly into mammalian and amphibian genes. The clade of plant genes separated clearly into a group representing the vascular plants containing the genes from Arabidopsis, tomato, and maize and a separate lower land plant group that contained the two Physcomitrella genes. The position of the Physcomitrella Rad51 proteins was in full agreement with the phylogeny of green plants deduced from 18S rDNA sequences (26) . Therefore, both Physcomitrella proteins were placed well in accordance with the expected phylogenetic relationships and thus were likely to represent proteins of plant origin forming a clade separate from vascular plants.
Discussion
The Physcomitrella genome contains two distinct but highly homologous RAD51 genes, PpRAD51A and PpRAD51B. For both, the DNA sequence derived from genomic DNA revealed the presence of an ORF not interrupted by introns. Confirming the absence of introns, the genomic and cDNA sequences were found to be co-linear for both genes. In Southern blots with Physcomitrella genomic DNA, no additional genes were detected at low-stringency hybridization conditions. Moreover, no additional genes were detected by screening of cDNA or genomic libraries. Both genes were expressed actively in Physcomitrella and therefore are functional RAD51 genes.
The presence of two highly homologous, functional RAD51 genes in a genome is unusual. In other organisms studied, RAD51 is present in single copy except for organisms that have a duplicated genome, e.g., X. laevis and maize. These organisms each have two highly homologous RAD51 genes. The Xenopus genes are 98% identical and probably arose in the course of a genome duplication event relatively recently in evolution that gave rise to the pseudotetraploid Xenopus genome (24) . The maize genome, probably a fusion of two genomes (27) , contains two genes that are 90% identical (17) . In addition to the homology in the protein sequences, the genomic DNA sequences of both organisms still carry clear signatures of duplication events. The Physcomitrella Rad51 proteins were 94% identical in their sequence, and the homology extended to the corresponding DNA sequences. The close relatedness of the PpRAD51A and PpRAD51B genes indicated that these genes arose by a recent gene duplication event from a common progenitor. The question arises as to whether this gene duplication ref lects a genome duplication event or is restricted to RAD51. There is little information on the Physcomitrella genome, and data available from other genes (28, 29) are too premature to address the question of gene duplication. However, polyploidization in the ancestry of Physcomitrella is discussed (reviewed in ref. 18) , and in general polyploidization and subsequent genome duplications are a common phenomenon in plants (30, 31) . Genome duplications followed by different degrees of functional diversification, subsequent gene loss, or gene silencing in the ancestry of species can be traced back in many, if not all, plants (32) . Moreover, RAD51 genes have been studied intensively in different organisms, and there is a striking correlation between the presence of two RAD51 genes in an organism and the occurrence of genome duplications. From all the organisms studied thus far, only the genomes of Xenopus and maize have two highly homologous RAD51 genes, and these are the two organisms with verified genome duplications in their ancestry. Therefore the similarity of Physcomitrella to Xenopus and maize in their RAD51 gene organization suggests a genome duplication event in the ancestry of Physcomitrella also. Moreover, the close relatedness of the two RAD51 genes suggests a rather recent event in the evolution of the genome of this organism. Although Physcomitrella is haploid, considerable gene redundancy would result from duplication events, and therefore gene analysis in this organism should be treated with caution until the question of genome duplication is resolved.
The Physcomitrella RAD51 genes are free of introns. By contrast, all other multicellular eukaryotes including filamentous fungi such as Neurospora or Penicillium have intron-split RAD51 genes. Organisms with intronless RAD51 genes are unicellular eukaryotes such as budding and fission yeasts, and organisms possessing intronless genomes. Physcomitrella does not belong to the latter group, because introns are found frequently in Physcomitrella genes, and the positions are largely conserved between Physcomitrella and Arabidopsis (28, 29) . Introns in RAD51 and other RAD51-like genes may serve important functions. Some RAD51-like genes are differentially spliced, and several splice variants are detected (33) (34) (35) (36) . Moreover, Rad51 and other Rad51-like proteins (reviewed in refs. 4 and 25) can interact and may form networks of active forms (37) . Therefore, differential splicing may be a source of variability for proteins expressed from a single gene and thus may serve to modulate or control Rad51 protein activity. Because differential splicing of RAD51 genes is precluded in Physcomitrella, the presence of two genes may help to increase the variety of Rad51 and Rad51-like proteins that can participate in the networks of proteins active in strand exchange. However, it is possible also that one of the Physcomitrella proteins substitutes for one or more of the other Rad51-like proteins found in other higher eukaryotes. There is a striking correlation between the presence of introns in a close homologue of RAD51, DMC1, and expression during meiosis in yeast and fission yeast. Thus, introns could serve regulatory functions and help to distinguish meiosis-specific functions from general recombination functions. In support of this idea, the presence of introns was found to be correlated with meiosis-specific expression of members of another group of recombination genes in Arabidopsis (38) . However, the precise role of introns in RAD51 gene function or regulation remains to be determined.
The bryophytes and other lower plants are not well studied, and no further RAD51 genes from this group of organisms have been described. In the phylogenetic tree presented here, the Physcomitrella Rad51 proteins group together with the other plant proteins but form a separate clade within this group. This result indicates that the Physcomitrella Rad51A and Rad51B proteins and the higher plant proteins have a common origin. However, the phylogenetic data are sparse, and the phylogenetic relationships of this group of organisms are uncertain. Moreover, the Rad51 proteins of several other eukaryotes, especially those of yeast, branch off from the tree relatively early, complicating the exact assignment of phylogenetic relationships. Nevertheless, the agreement of the Rad51-based data with trees based on 18S rDNA sequences (26) strongly suggests that the Physcomitrella genes have evolved in the plant lineage of organisms. Because RAD51 genes of all higher eukaryotes have introns, Physcomitrella must have lost its introns during evolution, either from both RAD51 genes after the gene duplication event or earlier in the ancestral gene. It is difficult to envision how the introns may have been lost. Physcomitrella is an unusual organism in possessing a highly active homologous recombination apparatus in mitotic cells (18) (19) (20) . It therefore is conceivable that gene conversion events using RAD51 mRNA reverse transcripts as templates caused the loss of introns in the ancestry of Physcomitrella. Another possibility is that reverse transcription of the RAD51 mRNA produced an intronless gene copy that integrated into the genome and the original intron-containing RAD51 genes sequences were subsequently lost. In any case, it will be important to determine whether intronless RAD51 genes are typical for bryophytes and͞or other lower land plants or are a rarity specific for Physcomitrella.
